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ABSTRACT 



We compare the amount of magnetic flux measured in Stokes V and Stokes I in a sample of early- and mid-M stars around the 
boundary to full convection (~M3.5). Early-M stars possess a radiative core, mid-M stars are fully convective. While Stokes V is 
sensitive to the net polarity of magnetic flux arising mainly from large-scale configurations, Stokes I measurements can see the total 
mean flux. We find that in early-M dwarfs, only ~ 6 % of the total magnetic flux is detected in Stokes V. This ratio is more than 
twice as large, ~ 14 %, in fully convective mid-M dwarfs. The bulk of the magnetic flux on M-dwarfs is not seen in Stokes V. This 
is presumably because magnetic flux is mainly stored in small scale components. There is also more to learn about the effect of the 
weak-field approximation on the accuracy of strong field detections. In our limited sample, we see evidence for a change in magnetic 
topology at the boundary to full convection. Fully convective stars store a 2-3 times higher fraction of their flux in fields visible to 
Stokes V. We estimate the total magnetic energy detected in Stokes I and compare it to results from Stokes V. We find that in early-M 
dwarfs only ~0.5 % of the total magnetic energy is detected in Stokes V while this fraction is ~2.5 % in mid-M dwarfs. 
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1. Introduction 

Magnetic fields are ubiquitous in cool stars. There is growing 
evidence that their total strength is mainly a question of rotation, 
and that the efficiency of magnetic field generation follows sim- 
ilar rules in solar-type stars and much cooler objects including 
planets (Christens en et al.ll20 08). While magnetic field genera- 
tion in solar-type stars is probably most efficient near the in- 
terface layer between the radiativ e core and the convective en- 
velope (e.g., ICharbonnearj|l2005h . the dynamo process in fully 
convective stars must be different. The transition from partially 
to fully convective interiors happens around a mass of 0.35 M Q . 
In lower-mass stars, mean magnetic flux does not signifi cantly 
differ from partially convective stars dReiners & Basri 2003), al- 
though they probab ly operate a different type of dynamo (e.g., 
iDurnev et alJll993l) . 

The solar ma gnetic field is predo minantly axisymmetric and 
dipolar (see, e.g.7 lOssend riiver 2003), which we know from di- 
rect imaging of the Sun. For other stars, no direct images are 
available and we have to rely on indirect methods to inves- 
tigate magnetic topologies. Magnetic fields are usually mea- 
sured in different Stokes components via the Zeeman effect. 
Two main methods can be distinguished: 1) Zeeman splitting 
in Stokes I measures the total mean magnetic flux on the star, 
and 2) Stokes V measures effective magnetic polarization. In 
order to completely characterize the magnetic topology of a 
star, in principle all four Stoke s components are necessary (e.g., 
iKochukhov & Piskunovl 120021) . but this is observationally ex- 
tremely difficult to achieve. The method of Zeeman Doppler 
Imaging in Stokes V has been very successfull during the last 
years providing the first information on the magnetic structure 
on low-mass stars (e.g.. iDonati et al.ll2008t iMorin et all [2008, 
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and references therein). Using Stokes V, however, implies the 
problem that only the net polarization is visible and that probably 
much of the magnetic flux cancels out and is unobservable. The 
observation of dense time series helps resolving smaller struc- 
tures but cannot entirely solve that problem. Because Stokes I 
is sensitive to the total magnetic flux, and Stokes V is sensitive 
to the net (large-scale) polarization, a comparison of both yields 
information about the amount of small scale flux that is invisi- 
ble to Stokes V. The first question we address here is how much 
magnetic flux escapes detection i n Sto kes V Doppler map s. 

Recently, IMorin et all d2008l) and IDonati et all d2008l) used 
magnetic maps from Stokes V to investigate magnetic topolo- 
gies around the boundary to full convection. They found that the 
fraction of axisymmetric fields and the low-/ dipole modes are 
larger in fully convective stars than in partially convective ones. 
Thus, the magnetic flux visible to Stokes V is more organized in 
fully convective stars. In this paper, we ask the question whether 
a higher degree of organisation in fully convective stars applies 
to the total magnetic flux, or to the flux visible in Stokes V only. 

2. Data 

Most of the data used for our analysis are taken from the litera- 
ture. Magnetic flux measurements from Stokes V are taken from 
IDonati et all (|2008) for the early-M dwarfs and from Mori n et all 
(2008) for mid-M dwarfs. These authors also provide rotational 
perio d and Rossby numbers f or the sample stars (the latter taken 
from lKiraga & Stepienll2007l) . 

Stokes I measurements of magnetic flux are also taken 
from the literature, and we present two new measurements in 
this work . The magnetic flux of EV Lac (Gl 873) was mea- 
sured by iJohns-Krull & Valentil {2000) using a detailed model 
of Zeeman splitting in an atomic line. This result was used 
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by iReiner s & Basri d2007l) to calibrate measurements of mag- 
netic flux using molecular FeH as a tracer. Our values of Bf 
for AD Leo (G l 388) and YZ Cmi (Gl 285) are taken from 
IReiners & Basril ( 12007b . F orDT Vir (G l 494A) we found a mag- 
netic flux measurement in lSaarl (Q996) using atomic lines (B = 
3.0 kG, / = 50%). Because magnetic field measurements may 
be affected by the choice of absorption lines used for analysis, 
we apply a correction factor to the Bf value of DT Vir based on 
compa riso n between o ther Bf measurements in lReiners & Basri 
d2007b and [SaaJ(fl996h : the four stars AD Leo, YZ Cmi, EV Lac, 
and Gl 729 we re investigated in both w orks. The magnetic flux 
Bf reported by IReiners & Basril d2007f) is systematically higher 
than the values reported bv lSaarl (11996). Specifically, the results 
for YZ Cmi, EV Lac , and Gl 729 are consistent if the filling fac- 
tor f inlSaari dl996) is assumed to be one. In oth er words, B in 
ISaail(IT996h~ has roughly the same value as Bf in Rein ers & Basril 
d2007b . Thus, we use (fi/> = 3.0 kG for DT Vir, which brings all 
values of (Bj) used here on a consistent scale. We note that an 
uncertainty of a factor of 2 in (Bj) would not influence the results 
of this paper. 

We present additional magnetic flux measurements of two 
other stars in this work. Data of Gl 182 (/ = 7.1) were obtained 
with HIR ES at the W.M. Keck ob servatory in the same way as re- 
ported in lReiners & Basril d2007h . We used a slit-width of 1.15" 
yielding a spectral resolving power ofR =s 31, 000. The 600 s ex- 
posure has a SNR of about 120 at 9930 A. A spectrum of CE Boo 
(Gl 569 A, J = 6.6) was obtained at the Hobby-Eberly-Telescope 
using HRS centered at 8991 A. The 2" fibre was used providing 
a spectral resolving power of R » 60, 000. After 300 s a SNR of 
40 was reached in the FeH band. 



3. New Bf measurements 

3.1. Method 

The method we employ to mea sure the magnetic flux in Gl 182 
and CE Boo was introduced in Reiners & Basri (2006) and af- 
ter that applied to several stars (e.g., IReiners & Basril 120071; 
IReiners et al.l |2008j). Here, we give a brief overview of the 
method and refer to the literature for a more detailed descrip- 
tion. 

The absorption band of FeH contains a forest of strong, well 
isolated lines of which some are sensitive to the Zeeman effect 
while others are not. In a relatively small spectral range, we find 
spectral lines of the same ro-vibrational transition that react dif- 
ferently to the presence of a magnetic field. The direct simula- 
tion of the Zeeman effect in FeH calculating polarized radiative 
transfer is still hampered by the lack of Lande factors. Instead, 
we choose a more empirical approach: We observed two spec- 
tra of early-M dwarfs for which magnetic field measurements 
from atomic absorption lines exist. One of them shows no signs 
of magnetic fields (and no activity; GJ 1002), for the other a 
total magnetic flux of Bf ~ 3.9kG was measured (Gl 873, 
iJohns-Krull & Vaien ti 2000). We apply an optical-depth scaling 
to the two reference spectra so that the strength of the FeH band 
matches the strength of FeH absorption in the target star. The 
shape of magnetically insensitive lines is used to fix the rota- 
tional velocity, and magnetically sensitive lines to adjust for the 
magnetic flux. This is done by interpolating the two template 
spectra (between zero magnetic flux and Bf = 3.9 kG) in order 
to achieve the best fit to the target spectrum. 



3.2. Magnetic flux in Gl 182 and CE Boo 

The results of our fitting procedure are shown in Fig.Q] where the 
goodness of fit in terms of x 2 is shown as a function of Bf and 
v sin i. The white line surrounds the r egion ofx 2 < x 2 m \ n + 9, i.e., 
the 3<x limit (see IReiners et al.ll2.008L for more details). In both 
cases, the minimum value of the reduced v 2 is y 2 . « 1 . The 
formal results of our fitting procedure are, for Gl 182, v sin; = 
9 ± 2kms _1 , Bf = 2730 ± 600 G, and for CE Boo, v sin/ < 
310ns- 1 , Bf= 1750 + 800 G (3cr). 



4. Total flux and large-scale flux 

4. 1 . Magnetic flux in Stokes V and I 

We compile measurements of mean magnetic flux from 
Stokes V, (B v ), and Stokes I, (B/>, for the six M dwarfs in 
TableQ] together wi th their mass , rotati onal period, and Rossby 
number as given i nlDonati et al.l d2008) and lMorin etall d2008). 
Reiners & Basril d2007b discuss the uncertainties of magnetic 
flux measurements in FeH, they found 2-cr uncertainties on the 
order of 200 G but estimate total uncertainties (including sys- 
tematics) on the order of a kG. The uncertainties we give for 
the two new measurements in Sect. l3.2l are 600 and 800 G (3- 
<x). We adopt 800 G as uncertainty in (Bi) for all stars. The ratio 
(Bv)/(Bj) is given in column 8. The fraction of magnetic flux 
visible in Stokes V is always less than 15 % of the total flux 
measured in Stokes I. The difference between partially convec- 
tive and fully convective stars is quite obvious: In partially con- 
vective stars roughly 6 % of the total flux is detected in Stokes V 
while in fully convective stars about 14 % are detected. 

The fraction of magnetic flux seen in Stokes V (center panel 
of Fig.|2j never exceeds a value of ~15%, which means that 
more than 85 % of the magnetic flux is invisible to magnetic 
flux measurements in Stokes V. A possible explanation is that 
the vast majority of the magnetic flux on M dwarfs is organized 
in small structures that are distributed over the stellar surface so 
that different polarities cancel out each other in Stokes V. This 
situation would be similar to the solar case, where the strongest 
magnetic fields are concentrated in spots that consist of neigh- 
bored regions of different polarity. 

Another factor to be considered are the simplifications inher- 
ent to the results fro m St okes V used here. T he technique used by 
iDonati et al.l d2008b and lMorin et al.l ([2008 ) makes a few impor- 
tant assumpti o ns. First, the "we a k-field approximation" is used 
(ISemellll989l) . IDonati & Brownl d 1997b estimate that the weak- 
field approximation becomes incorrect at fields on the order of 
1.2 kG, but they find i t is still adequate to fields up to 5kG (see 
also I Wade et al.ll2~000h . The weak-field approximation becomes 
particularly relevant together with the second simp lification, the 
use of a Least-Square-Deconvolution technique (|Donati et all 
1 19971; IDonati & Collier Cameronll997l;IWade et al.l2000l) . In the 
weak-field approximation, different Lande factors enter the pro- 
file as a scaling parameter that can be accounted for in a mask 
(like the line-depth). This makes LSD applicable to the weak- 
field case. The detectability of strong fields may be hampered 
because very strong Zeeman signals cannot be fully taken into 
account. It is still an open question whether fields on the order 
of 2-3 kG can be accurately reconstructed with this method. The 
only way to address this would be to compute stellar surfaces 
with real radiative transfer in all lines. 

For now, we can only speculate that the Stokes V maps 
used for this analysis may systematically miss magnetic fields 
stronger than a few kG. This opens a rather interesting option 
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Fig. 1. ^-landscapes of our model to the data of Gl 182 (left) and Gl 569A (right) as a function of projected rotation velocity v sin i 
and mean magnetic flux, Bf. Different colours indicated different values of x 2 ', blue dark colours mark areas with low^ 2 (good fit), 
red and yellow are regions of high x 2 (bad fit). The white contour is sorrounding the region where x 1 < X 1 ■ + 9, i.e., the 3-cr region. 



Tabl e 1. Propertie s of the sample stars. Rotatio n period and resu l ts from Stokes V measurements are from lDonati et al.l (120081) and 
Mori n et ail J2008). Rossby numbers are from Kiraga & Stepieri| (120071) . Sources of Stokes I measurements are given in the Table. 
The total magnetic energy is estimated from total magnetic flux using a scaling that involves a factor /. We use / = 1.25 (see text). 



Name 


other 


Mass 
[M Q ] 


^\-ot 

[d] 


Ro 


(Bv) 
[kG] 


(Bi) 
[kG] 


(B V ) 
(B,) 

[%] 


(By) 

[kG 2 ] 


f-(B,) 2 
[kG 2 ] 


<4> 

fiB,) 1 
[%] 


Gl 182 




0.75 


4.35 


0.17 


0.17 


2.5° ±0.8 


6.3 ± 1.9 


0.04 


9.1 ±3.9 


0.4 ± 0.2 


Gl 494A 


DT Vir 


0.59 


2.85 


0.09 


0.15 


3.0* ± 0.8 


5.0 ± 1.3 


0.03 


11.3 ±4.3 


0.3 ±0.1 


Gl 569A 


CEBoo 


0.48 


14.7 


0.35 


0.10 


1.8° ±0.8 


5.6 ±2.5 


0.01 


4.1 ±2.6 


0.4 ± 0.2 


G1388 


AD Leo 


0.42 


2.24 


0.05 


0.19 


2.9 C ± 0.8 


6.6 ± 1.8 


0.06 


10.5 ±4.1 


0.6 ±0.2 


Gl 873 
Gl 285 


EV Lac 
YZCmi 


0.32 
0.31 


4.38 
2.77 


0.07 
0.04 


0.53 
0.56 


3.9'' ± 0.8 
>3.9 C ±0.8 


13.6 ±2.8 
<14.4±3.0 


0.39 
0.52 


19.0 ±5.6 
> 19.0 ±5.6 


2.0 ±0.6 
< 2.7 ± 0.8 



"this work; ' Saar (1996), see text; 'Reiners & Basri (2007); " Johns-Krull & Valenti (2000) 



for the explanation of the discontinuity at the boundary to full 
convection: If, in contrast to partially convective stars, fully con- 
vective stars have magnetic flux less concentrated in small areas 
of strong magnetic fields, but more evenly distributed in large ar- 
eas of weaker fields, more of the flux may be detectable in fully 
convective stars. This is an interesting alternative that could im- 
ply a weaker degree of organization in fully convective M dwarfs 
rather than a stronger large-scale component. Unfortunately, this 
alternative is difficult to test with current instrumentation. So far, 
the mentioned assumptions are necessary to detect the subtle sig- 
natures of stellar magnetic fields on Stokes V. 



4.2. Trends with mass and Rossby number 

The mean magnetic flux and the ratio between magnetic flux 
observed in Stokes V and Stokes I are plotted in the upper two 
panels of Fig. [2] Left and right panels show them as a function 
of Rossby number and mass, respectively. Uncertainties in (Bj) 
are estimated to be 800 G in all stars, which is mainly due to 
systematic effects. No error estimates are available for {By). 

The upper left panel of Fig. [2] shows the rotation-magnetic 
flux relation: Total magnetic flux, (B/), grows with smaller Ro in 
the regime log Ro > — 1 and saturates at lower Rossby number 
(cp. iReiners et al. I I2008I Total magnetic flux may also depend 
on mass with higher {Bi) at lower masses, but mass and Rossby 
number to some extent are degenerate because of the large con- 
vective overturn times in low mass stars (at lower mass, satura- 
tion occurs at lower rotation rate). On the other hand, the large- 



scale flux, {By), shows a very clear dependence on stellar mass. 
A dependence of {By) on Rossby number cannot be excluded. 

The ratio between small-scale and total magnetic flux shows 
a discontinuity at the boundary where stars are thought to be- 
come completely convective: While {By)/{Bi) is about 6% in 
early-M dwarfs with masses above 0.35 M , it is about 14% in 
mid-M dwarfs with M < 0.35 M Q . 

It is notoriously difficult to disentangle effects in Rossby 
number and stellar mass because low-mass M dwarfs have 
Rossby numbers generally lower than higher mass M dwarfs. 
Here, AD Leo is substantially more massive than EV Lac and 
YZ Cmi. On the other hand, AD Leo has a Rossby number lower 
than EV Lac due to AD Leo's higher rotation rate. Regardless of 
rotation, however, AD Leo shows substantially less small-scale 
magnetic flux a factor of 2-3 lower than in EV Lac (while its 
total magnetic flux is only ~25 % less than in EV Lac). 



5. Magnetic energy 

Sometimes it is also interesting to investigate magnetism in 
terms of magnetic energy, which is proportional to the mag- 
netic flux squared. From Doppler tomography, t he magnetic 
energy measured in Sto kes V, {B 2 ,), is reported (iDonati et al.l 
2008: lMorin et al.ll2008l) and given in column 9 of Table[Q From 
Stokes I, detailed information about the flux distribution on the 
stellar surface is usually not given so that {B 2 ) is not available. 

In order to calculate the ratio between the magnetic ener- 
gies measured in Stokes V and Stokes I, i.e., the ratio between 
the large-scale magnetic energy to the total magnetic energy, we 
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Fig. 2. 7b/? panel: Mean magnetic field measurements from Stokes I (open symbols) and Stokes V (filled symbols). Center (Bottom) 
panel: Ratio of large-scale magnetic flux (energy) to total magnetic flux (energy). Left and right panels show these values as a 
function of Rossby number and mass, respectively. Symbols distinguish between fully convective (stars) and partially convective 
(circles) stars. 



estimate from the mean total magnetic flux, (B;), the mean to- 
tal magnetic energy, (Bj), which is generally not identical to the 
square of the total mean flux, (Bj) 2 . The difference between (B 2 ) 
and (Bj) 2 is approximately equal to the Variance of the magnetic 
flux distribution. In case of a completely uniform distribution 
(o~ = 0), the two are identical. The distribution can be character- 
ized by the standard deviation, which is the square root of the 
Variance, or 



cr 2 = Var(fi) « (B 2 ) - (B) 2 . (1) 



For Stokes V, we can calculate the Variance of the magnetic 
flux distribution, (By) - (By) 2 , and find that cry ~ ky (By) 
with ky ranging from 0.61 to 0.83 with a mean of 0.69. From 
Eq.[T]we derive (By) « 1.5 (By) 2 . The distribution of mag- 
netic flux measured in Stokes I can be expected to be more 
evenly distributed than the flux detected in Stokes V, because 
85-95 % of it is not seen in Stokes V. It is probably distributed 
in rather small entities. Thus, the Variance in magnetic field dis- 
tribution seen in (Bj) is probably smaller than in (By). We make 
the assumption that the Variance of the total flux distribution is 
07 = 0.5 <£/> (k = 0.5 instead of 0.7 as for (By)), i.e., f * 1.25 
in (B)) = f(Bi) 2 . The exact choice of / = [1.0 ... 1.5] has no 
effect on our results. In the last column of Table [1] we give the 
ratio between the magnetic energy detected in Stokes V and the 
estimated magnetic energy seen in Stokes I. 

The lower panel of Fig. [2] shows the behavior of magnetic 
energy with Rossby number and mass. Uncertainties in the ratio 
of magnetic energies include the uncertainty in the scaling factor 
/, which is regarded as / = 1 .25 +0.25 (see above). As expected, 
magnetic energy goes as magnetic flux. As a consequence of 
magnetic energy being essentially the magnetic flux squared, the 
discontinuity at M » 0.35 M is even more pronounced. 



6. Summary 

We compared the results of magnetic flux measurements carried 
out in Stokes V and Stokes I in order to characterize the mag- 
netic field topology of early- and mid-M dwarfs. Early-M dwarfs 
(<M3.5) are believed to harbor a radiative core while later stars 
are probably fully convective. The Stokes V results are mainly 
sensitive to large scale fields because signal from magnetic ar- 
eas of opposite polarity cancel out each other. Simplifications 
(mainly the weak-field approximation) may also have some in- 
fluence on the detectability of strong field components. Stokes I 
is an indicator of the total mean flux because all magnetic fields 
are seen regardless of polarity and organization. 

Our sample comprises four partially convective and two fully 
convective stars assuming that the boundary to full convection 
is at M = 0.35 M . The ratio between magnetic flux seen in 
Stokes V and Stokes I is around 6 % for partially convective stars 
and 14% for fully convective stars. The fraction of magnetic 
energy stored in magnetic fields visible to Stokes V is around 
0.5 % of the total flux in early-M dwarfs and 2.5 % in mid-M 
dwarfs. Our two main results are the following: 

1 . In M dwarfs, more than 85 % (96 %) of the magnetic flux 
(energy) is stored in magnetic fields that are invisible to 
Stokes V. 

2. The fraction of the total magnetic flux that is detected in 
Stokes V shows a remarkable jump at the boundary to full 
convection. In our limited sample, the fully convective stars 
store about 2-3 times more magnetic flux (5 times more 
magnetic energy) in large scale fields visible to Stokes V than 
partially convective M-dwarfs do. 

Our results partly confirm those of Don ati et~ai1 ((2008); 
the magne tic topologie s abru ptly change at the full convection 
boundary. iDonati et al.l d2008l) show that the magnetic energy 
stored in axisymmetric configurations is higher in fully convec- 
tive stars than in partially convective ones. Their results were 
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based solely on Stokes V measurements. In this work we showed 
that this trend also applies to the fraction of large-scale to total 
magnetic energy. The small fraction of flux and energy detected 
in Stokes V shows the importance of other Stokes components 
for a full description of a star's magnetic topology. This contin- 
ues to be a challenging task for the future. 
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